The three-dimensional structure of a cysteine rich antifungal protein EAFP2 is found to be compact and extremely stable. The rigid nature of the protein is attributed to the presence of five disulfide bonds. However, the effect of individual disulfide bonds on the conformation has not been characterized. Thus, Molecular Dynamics (MD) simulations are used to explicate the influence of disulfide bonds on the conformation. In the present study, the cysteine residues in the native structure are mutated to alanine and the structural characteristics and conformational dynamics of the native and mutant structures are analyzed to better understand the effect of disulfide bonds on the tertiary structure. The simulated native and single mutant structures are found to posses similar conformations, indicating that loss of disulfide bond did not affect the tertiary structure conformation greatly. However, in the single mutant (C7A) structure, the N and C-terminal segments are found to be different. It is also interesting to note that the loss of disulfide bond between Cys35 and Cys39 actually resulted in a more compact structure.
INTRODUCTION
Disulfide bonds play a key role in the folding and stability of proteins [1] [2] [3] . Also, covalent bonds formed due to oxidation of cysteine residues act as switches for protein function [4] and regulation of enzymatic activity [3, 5] . The disulfide-containing proteins are found to perform diverse functions such as cell-to-cell recognition, cell signaling and cell defense [6] . The highly specific nature of these interactions makes the cysteine-rich proteins suitable for the development of drugs and diagnostic agents [7, 8] . Further, the disulfide bonds influence the local and global protein structural dynamics [9] . As stated in the literature, molecular dynamics (MD) simulation studies have elucidated the importance of disulfide bonds on the conformational dynamics of proteins [10, 11] .
The antifungal protein (EAFP2) isolated from the bark of Eucommia ulmoides tree [12, 13] is composed of a 3 10 -helix, a -helix and a three-stranded anti-parallel -sheet (Fig. 1) . The striking feature that distinguishes EAFP2 from other chitin-binding plant antifungal peptides is the presence of five disulfide bonds [Cys3-Cys17, Cys7-Cys37, Cys11-Cys23, Cys16-Cys30 and Cys35-Cys39] in such a small 41-residue protein [12] . EAFP2 shows certain homology to *Address correspondence to this author at the Supercomputer Education and Research Centre, Indian Institute of Science, Bangalore 560 012, India; Tel: +91-80-22933059/22932469/23601409; Fax: +91-80-23600683/23600551; E-mail: sekar@serc.iisc.ernet.in and sekar@physics.iisc.ernet.in hevein-like antifungal peptides [14] , which usually consist of 30-43 amino acid residues cross-linked by three or four disulfide bonds and features a chitin-binding site comprising one serine and three aromatic residues. Such a structural arrangement is conserved in a variety of plant proteins, such as hevein from rubber tree [14] , Ac-AMP from Amaranthus caudatus seeds [15] , wheat germ agglutinin (WGA) [16] and Urtica dioica agglutinin (UDA) [17] . The antifungal activity of these peptides is assumed to be attributed to their specific chitin-binding activities, since chitin is the main structural component of the fungal cell wall [18, 19] . The antifungal proteins possess an amphiphilic surface composed of clusters of cationic and hydrophobic residues that are critical for their activity [20, 21] . In EAFP2, there exists a cationic surface with four positively charged arginine residues (at positions 6, 9, 36 and 40) that gives rise to an amphiphilic design and in-turn contributes to the inhibitory activity against chitinfree fungi.
EAFP2 is found to exhibit a broad spectrum of antifungal activity against a series of plant pathogens, both chitincontaining and chitin free fungi [12] . The genes encoding several of these antifungal peptides are manipulated to create genetically modified plants with increased fungal resistance [22] . The antifungal effects of EAFP2 are found to be strongly antagonized by calcium ions [23] and it is found to exert inhibitory activity against the opportunistic fungal pathogen, Candida albicans and thus may be used as a novel drug of plant origin for the treatment of candidiasis [24] . The structural characteristics and the conformational dynamics of the mutant structures (cysteine to alanine) of the antifungal protein (EAFP2) have been analyzed to better understand the role of disulfide bonds in maintaining the tertiary structure.
MATERIALS AND METHODS

Molecular Model
The atomic co-ordinates of the three-dimensional structure [PDB-id: 1P9G] of the cysteine rich antifungal peptide (EAFP2), determined using X-ray crystallography [12] , were downloaded from the locally maintained anonymous PDB-FTP server (Bioinformatics Centre, Indian Institute of Science, Bangalore, India). The cysteine residues at positions 3, 7, 11, 16 and 35 in the native structure were mutated to alanine and the single mutant structures thus obtained were named C3A, C7A, C11A, C16A and C35A respectively. Each residue in a cysteine pair, forming a disulfide bond, was mutated to alanine to obtain a structure devoid of disulfide bonds and was named mutfive. The in-silico mutants were generated using Swiss-Pdb viewer [25] .
Molecular Dynamics Simulations
The molecular dynamics (MD) simulations were carried out using GROMACS v.3.3 [26] with the OPLS-AA/L allatom force field [27, 28] . A cubic simulation box with the size of 4.3 x 4.3 x 4.3 nm was constructed and the protein models were solvated with the SPC (simple point charge) water model using the genbox program available in the GROMACS suite. In order to counter balance the protein charges, chloride ions were added to the system. Energy minimization was performed using the conjugate-gradient method for 200 ps with the maximum force field cutoff being 1KJ mol -1 . Simulations utilized NPT ensembles with isotropic pressure coupling (tp = 0.5 ps) to 300 K. ParrinelloRahman protocol was used for pressure and Nose-Hoover coupling protocol, was used for temperature. Long range electrostatics were computed using the Particle Mesh Ewald (PME) method [29] and Lennard-Jones energies were cut off at 1.0 nm. Bond lengths were constrained with the LINCS algorithm [30] . Tools available in the GROMACS suite were employed for analysis. The programs GRACE and PyMOL were used to visualize the trajectories [31] and the threedimensional protein structures respectively [32] .
RESULTS
Structure and Dynamics of the Native and Mutant Structures: A Comparative Study
To investigate the effect of cysteine mutations on the three-dimensional structure of EAFP2, molecular dynamics simulations are performed on the native and mutant structures. The change in the conformation during the simulations is monitored by calculating the root mean square deviation (RMSD) from the crystal structure. From Fig. (2) it is observed that the RMSD trajectory of the native structure initially shows fluctuations and then begins to rise after 3500 ps. Such changes in the native structure are expected when a protein is transferred from a solid state to solvent environment [12] . Of all the time averaged single mutant structures obtained after 5 ns simulations, the C3A structure shows a maximum increase in RMSD before declining towards the end of the simulation. No large fluctuation in RMSD is observed in the C7A structure, when the disulfide bond (Cys7-Cys37) connecting the N and C-terminal segments is disrupted. It is interesting to note that the RMSD trajectory associated with the C35A structure remains stable, showing minimal fluctuations. The trajectories of C16A and C11A structures show small fluctuations before stabilizing towards the end of the simulation. In the case of the time averaged mutfive structure, very large fluctuation in RMSD is observed (Fig. 2) . RMSF is a parameter of residue flexibility about the average structure, which throws light on the dynamic properties of the simulated structures. It is observed that large fluctuations are associated with the residues forming the -helix and -turns. The regions forming thestrands are subjected to minimal fluctuations and they are more hydrophobic and stable than any other secondary structural elements. Minimal fluctuations are observed in the averaged structure of the single mutant C35A, compared to the native structure, which corroborates with the RMSD results shown in Fig. (2) . The C7A and mutfive structures, display increased fluctuation in the regions forming the 3 10 -helix and 1 -strand. Both these structures lack the additional disulfide bond (Cys 7-Cys37) and hence the N and C terminal segments are free in orientation, which results in a change in conformation. In the native structure, the cysteine residues are found to be highly stable showing least fluctuation, which indicates that the disulfide bonds formed by these residues are intact and resulted in restricted motions of the cysteine residues. The study of RMSF and RMSD shows that the single point mutations did not result in a drastic conformational change.
Analysis of Radius of Gyration (R g )
Radius of gyration (R g ) is a parameter linked to tertiary structural volume of a protein. The R g plots of the native and mutant structures shown in Fig. (4) indicate that the mutation of cysteine residues resulted in a slight decrease of R g value during simulations. The R g value of the native structure shows a continuous uptrend, whereas the R g value of the mutant structures increase during the initial stages and then fluctuates before stabilizing towards the end of the simula- Fig. (4) . The plots showing the radius of gyration (R g ) of native and mutant structures (C3A, C7A, C11A, C16A, C35A and mutfive).
tion. However, it is interesting to note that in the case of C35A, the R g value initially increases and then slumps before stabilizing at around 0.84 nm. The C35A structure displays the lowest value of R g compared to the rest of the simulated structures, indicating that the protein is compressed. Furthermore, in the case of mutfive structure, it is observed that the R g value increases drastically around 1500 ps, shows that the protein expanded dramatically, creating a large amount of void inside and this would have enabled the solvent molecules to penetrate the hydrophobic region. Sparing minor fluctuations associated with the single mutant structures, their R g plots are comparable with those obtained for the native structure, which is consistent with the backbone RMSD analysis as shown in Fig. (2) .
Assessment of Secondary Structures
Prediction of the secondary structural elements of the time averaged native and mutant structures after 5 ns simulations is performed using the program STRIDE [33] . The data in Table 1 shows that the conformation of secondary structural elements is affected during the course of simulations. It is observed that the -helix is not preserved in any of the simulated structures, while the 3 10 -helix and 1 -strand are not preserved in the C16A, C35A and mutfive structures. Instability of the -helix arises due to the low nucleation probability, which is contributed by the small number of residues forming the helix. However, one may find it interesting to note that the strands 2 and 3 are intact in all the time averaged structures. Further, superposition of the crystal and simulated structures performed using 3dss [34] revealed that the 2 and 3 -strands are preserved in their respective orientations (data not shown). The time averaged native and mutant structures show a decrease in content of secondary structural elements. Both the native and mutant structures exhibit a tendency to transit from their initial ordered conformation to a random structure composed of coils and turns.
Interatomic Distance
The interatomic distance between C -atoms of cysteine residues involved in disulfide bond and the residues forming the chitin binding domain (Ser18, Tyr20, 22 and 29) is calculated from the averaged native and mutant structures after 5 ns simulations and the results are summarized in Tables 2 and 3. The variation in the distance among the single mutant structures, compared to the native structure, follows a recognizable pattern. It is observed that maximum variation in distance, associated with each mutant structure, corresponds to a particular mutation it is coupled with. From the results, it is also observed that the variation of distances is very large in the case of mutfive structure. In the case of C35A structure, it is observed that the mutation of cysteine residue did not result in a large change in the interatomic distance. In fact, it is found to be less compared to that of the native structure. A similar observation is also made in the mutfive structure corresponding to Cys35-Cys39. It is interesting to note that the maximum deviation of interatomic distance in C7A and mutfive structure corresponds to the mutation of a cysteine residue involved in a disulfide bond between Cys7 and Cys37. Hence, in such a case, the N and C terminal segments adopt a more relaxed conformation, which resulted in an increased interatomic distance. It is observed that 
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The Open Structural Biology Journal, 2009, Volume 3 99 interatomic distance between the residues forming the chitin binding domain is almost comparable (~1Å) to those observed in the native structure ( Table 3) . The chitin binding domain tends to be rigid, even when present in mutant structures. However, in C35A structure, the chitin binding domain residues are slightly closer in space compared to the native structure. Some inconsistent data in Table 2 may be attributed to the stochastic nature of the molecular dynamics simulations.
Hydrogen Bonds
Hydrogen bonds are ubiquitous in protein structures and they help to maintain a stable conformation, hence, hydrogen bond analysis of the native and mutant structures is performed. Fig. (5) provides an insight into the nature of hydrogen bonding pattern observed in the native and mutant structures. It is observed that hydrogen bond number varies between 20 and 25 and is found to be stable in the case of Fig. (5) . Number of hydrogen bonds plotted as a function of simulation time. Figs. (a), (b), (c), (d) , (e), (f) and (g) correspond to the native, C3A, C7A, C11A, C16A, C35A and mutfive structures respectively.
C3A structure, while the large fluctuations associated with the mutfive structure predicts an unstable conformation. The C7A, C11A and C16A structures show a decrease in the number of hydrogen bonds over the simulation time. The comparative analysis of native and C35A structure reveals that the latter has a more stable trajectory. It appears though that the loss of disulfide bond (Cys35 and Cys39) actually results in a tertiary structure conformation, which is more favorable for forming and maintaining hydrogen bond contacts. Hence, a structure with increased stability and lesser volume is obtained.
Accessible Surface Area
In order to discern the effect of cysteine mutations on the conformational change of EAFP2, the solvent accessible surface area (ASA) is calculated for both the native and mutant structures (Fig. 6) . It is observed that there is a significant decrease in solvent accessibility values of C35A structure, which is in good agreement with previous conclusions about the reduced volume of C35A structure compared to native and other mutant structures. The C3A structure shows a continuous increase in accessible surface area values. The increase in solvent accessibility of the hydrophobic buried residues makes them more mobile. As a result of the increased solvent exposure, the protein surface becomes more hydrophobic than in the native state. In the case of mutfive structure, large fluctuations in the accessible surface area are observed. The structure may become unstable due to change in intra-molecular hydrophobic contacts. It is also observed that the results obtained from solvent accessibility analysis are consistent with the results obtained from the analysis of radius of gyration.
DISCUSSION
The comparison of RMSDs of the time averaged native and mutant structures reveal the simulation trajectory of the C35A structure to be the lowest and it does not display any significant fluctuations (Fig. 2) . A similar case is also observed on the analysis of its RMSF. The disulfide bond absent in the C35A structure actually connects 3 -strand to a -turn (extending from Gly31 to Asn34). Somehow, the single point mutation results in a more compact structure and this conclusion is further validated by results obtained from the analysis of radius of gyration, accessible surface area and the number of hydrogen bonds. The results show the C35A structure to be more compact compared to the native structure. A similar trend is also observed in the case of human neuroglobin [35] .
In the native structure, the disulfide bond (Cys7-Cys37) plays an important role in maintaining the tertiary structure conformation, as it connects the N and C-terminal segments creating a cationic surface [12] , which is critical for the antimicrobial activity. The cationic surface binds to the negatively charged phospholipid of the microbial cell membrane [36] . However, in the case of C7A structure, the cationic surface cannot form and hence, loss of antifungal activity against chitin free fungi may arise. The loss of Cys7-Cys37 bond also results in increased interatomic distance ( Table 2 ). The effect of single point mutation (C7A) on the antifungal activity against both chitin containing and chitin free fungi needs to be experimentally validated. The continuous increase of solvent accessible surface area trajectory of the C3A structure can be explained by the fact that it lacks the disulfide bond, which is required to shield the 3 10 -helix from the solvent molecules. Further, the C3A structure also displays a tendency to maintain hydrogen bond contacts throughout the simulation. Thus, loss of the disulfide bond (Cys3-Cys17) does not result in a large conformation change. In the C16A structure, the disulfide bond linking the 1 -strand and -helix is absent and its RMSD trajectory shows minor fluctuations and hovers around 0.1 nm. The R g and solvent accessibility studies performed on the C16A structure, show that there is no significant change in conformation and it appears that the Cys3-Cys17 bond sufficiently compensates for the loss the Cys16-Cys30 bond.
The shifts in RMSF obtained for native and mutant structures are as a result of the presence of a large number ofturns and the unstable nature of the -helix and 1 -strand. The increased fluctuation in RMSF exhibited by the mutant structures is also due to the initial change made in the conformation of these structures. The mutfive structure exhibits a large change in RMSD, radius of gyration and accessible surface area values, indicating significant loss of ordered conformation. Thus, the loss of all five disulfide bonds severely affects the tertiary structure conformation. A significant decrease in the content of secondary structural elements is observed in both the native and mutant structures. The simulated structures are found to be more prone to adopt a random coil conformation from a more ordered structure (Table 1) . Further, the unstable nature of -helix and 1 -strand contribute to increased peptide flexibility. Only the 2 and 3 -strands are preserved in all the simulated structures, which corroborates with the experimental evidence that sheets are more stable than helices [37] . The study of interatomic distances between residues forming the chitin binding domain (Table 3) show the chitin binding domain is relatively rigid.
CONCLUSION
The present study elucidates the effect of disulfide bonds on the tertiary structure and throws light on the conformational dynamics of the native and mutant structures. It is identified that single point mutation of a cysteine residue did not cause a large change in the conformation of the tertiary structure. However, in the C7A structure, a large change of interatomic distance is observed and this may result in possible loss of antifungal activity. A significant decrease of ordered conformation is observed in the case of mutfive structure. Further, it is found that the single point mutation in C35A structure actually resulted in a more compact threedimensional structure. The effect of mutation of Cys35 residue on the antifungal activity needs to be experimentally verified. In addition, our findings can be utilized to develop more stable drugs against candidiasis and plant pathogens. A similar work in other cysteine-rich antifungal proteins is in progress.
